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Abstract—Unmanned aerial vehicles (UAVs) have significantly disrupted the aviation industry. As technology and policy continue to
develop, this disruption is only going to increase in magnitude. A specific technology poised to escalate this disruption is UAV swarm.
UAYV swarm has the potential to distribute tasks and coordinate operation of many UAVs with little to no operator intervention. This
paper surveys literature regarding UAV swarm and proposes a swarm architecture that will allow for higher levels of swarm autonomy
and reliability by utilizing cellular mobile wireless communication infrastructure. This paper chronicles initial testbed development to
meet this proposed architecture. Focused development of UAV swarms with UAV-to-UAV communication autonomous coordination
ability is central to advancing the utility of UAV swarms. The use of cellular mobile framework alleviates many limiting factors that
hinder the utility of UAVs including range of communication, networking challenges, and size-weight-and-power (SWaP) considerations.
In addition, cellular networks leverage a robust and reliable infrastructure for machine to machine (M2M) communication proposed by
5G systems.

Keywords: autonomous systems, UAV swarm, wireless communications

I. INTRODUCTION

Small unmanned aircraft systems (SUAS) have become an attractive vehicle for a myriad of commercial uses. The ability of
sUAS to bring payloads for utility, sensing, and other uses into the sky without a human pilot on board is an attractive proposition.
With manned aviation, there is the risk of injury or fatality should a critical error occur in flight. With an unmanned aircraft
system, these concerns are alleviated. Manned aviation is expensive. The price to purchase or rent a general aviation aircraft is
prohibitive. Pilot labor, fuel costs, and maintenance are prohibitive expenses to the use of general aviation aircraft for widespread
commercial applications. For these reasons, the utility of SUAS has been an attractive alternative. There are also many advantages
for unmanned aircraft in military applications, however, this paper focuses predominantly on private sector commercial

applications.

A. State of the industry

In August of 2016 the regulatory body of aviation in the United States announced the passing of 14 CFR Part 107, a federal code
of regulations for the commercial use of SUAS (Duncan 2016). This code established a regulatory framework for the widespread
commercial use of sUAS in the United States National Airspace System (NAS). The passing of part 107 was significant, in that it

laid foundational regulations for widespread commercial use of SUAS. It also relaxed many regulations and requirements that were
https://mc06.manuscriptcentral.com/juvs-pubs
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in place for the commercial use of sUAS prior to part 107 that imposed barriers to market entry for basic commercial operations.
Since the adoption of part 107 regulations, the number of registered commercial SUAS pilots has grown to over 60,000 as of
September 2017 ( Bellamy 2017) . The FAA estimated that 600,000 commercial sSUAS would fly in the year following the passing
of 14 CFR Part 107 in August 2016 (Jansen 2016).

The sUAS industry has oriented itself mostly as a service industry. The actual SUAS themselves are important, but the real
value of the sUAS is the type of payloads they can carry and what type of services they can efficiently provide. Some of these use-
cases include photography, cinematography (Canis 2015), precision agriculture (Primicerio et al. 2012), power line and structure
inspection (Jones 2005; Morgenthal et al. 2014), surveillance security (Canis 2015), surveying (Chisholm et al. 2013), Infra-red
and multispectral imaging (Turner et al. 2010; Previtali et al. 2013; Bendig et al. 2015; Vega et al. 2015), natural disaster recover

(Neto et al. 2012), search and rescue operations (Rudol 2008) and many more (Canis 2015).

B. Traditional commercial operation

Currently, as per the regulations of 14 CFR part 107.35, “A person may not operate or act as a remote pilot in command or
visual observer in the operation of more than one unmanned aircraft at the same time”. This regulation, coupled with others in part
107 currently make the simultaneous commercial operation of UAVs illegal under part 107 operations. The current method of
commercial operations is for one pilot to control one UAS while other crew members act as mission control or visual observers.
The hardware involved in a traditional operation includes a handheld transmitter to control an UAV, associated payload(s), and a
computer with ground control software acting as a ground control station (GCS) for semi-autonomous control (Canis 2015;

Duncan 2016). Fig. 1 shows a block diagram of hardware for traditional commercial applications.

II.  CURRENT STATE OF SWARM

Though the utility of sUAS has budded a growing industry, the capability of swarms of UAVs is an intriguing development that
is only in its infancy. Limitations to traditional operation of sSUAS are that they have a limited payload, limited flight time, and
require a remote pilot to operate them through a handheld transmitter or computer with appropriate control software. Coordinating
multiple UAVs to perform tasks in a swarm environment is attractive because it addresses the limitations of a single SUAS while
adding more functionality.

A swarm is generally defined as a group of behaving entities that together coordinate to produce a significant or desired result
(Teague 2008; Biirkle 2011; Jeffrey 2015). There are several natural examples of swarming behavior in nature. Bees coordinate
with one another to complete tasks critical to the survival of their swarm. Flocks of migrating geese coordinate efficient flight

patterns to achieve their migration. Similarly, a swarm of UAVs is a coordinated unit of UAVs that perform a desired task or set of
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tasks. A general architecture for task order in swarm environments is shown in the literature (Jeffrey 2015). A UAV swarm is an

example of this architecture and could complete tasks relevant to commercial purposes.

A. Advantages and applications

Advantages to swarm include time-savings, reduction in man-hours, reduction in labor, and a reduction in other associated
operational expenses. One specific example of a commercial application that would benefit from UAV swarm is the observation of
normalized difference vegetation index (NDVI). NDVI is an important observation for precision agriculture. NDVI observation
requires flying SUAS over farmland. Cameras equipped with remote sensing equipment record high resolution geo-tagged imagery
of crops. NDVI imagery and sensing equipment show what parts of fields of crops are in the proper or improper stages of
development. Surveying a farm with hundreds or thousands of acres is time-consuming and lacks efficiency using current
methods. The use of a coordinated number of SUAS surveying an entire farmstead with little to no operator intervention would
greatly increase efficiency and could revolutionize precision agriculture.

The most notable application of UAV swarm is delivery services. Amazon and United Postal Service have indicated interest in
using UAS for package delivery (Amazon 2017; MacFarland 2017). Using a typical remote pilot and a single SUAS, package
delivery would be inefficient. Swarms of UAVs with coordinated control and communication capabilities would be efficient in this

application.

B. Autonomy in UAS

There are varying levels of autonomy for autonomous vehicles. Levels of autonomy are based on the number of tasks,
coordination, or decision making a vehicle can make without input from an operator. In the example of commercial and passenger
vehicles, 6 levels have been defined. The six levels range from no autonomy, to full autonomy where a steering wheel is optional
(Huang et al. 2007; SAE 2016). Levels of autonomy for UAVs are not yet well defined (Roberts-Grey 2015). A proposal was
made for five levels of UAV control autonomy (Huang 2008), but these levels are not widely accepted and require more research
to arrive at a clear consensus (Protti 2007). Following the recommendations of these works, the highest level of UAV swarm
autonomy is defined as the ability to perform a task coordinated among multiple UAVs without intervention of human operator.

This level of autonomy can be achieved by a UAV swarm. A UAV swarm is a cyber-physical system (CPS). The most
important aspect of an autonomous system is the decision chain that occurs in lieu of human operation. The movement and task
completion of a traditionally operated UAV is completely controlled by the decisions made by a human, whereas in a fully
autonomous system, decisions are made by algorithms. An autonomous CPS uses a decision-making paradigm defined by three
stages: Data, control, and process. The decision structure of a UAV swarm would follow this paradigm as proposed in (Plathottam

et al. 2018) and shown in Fig. 2.
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Sensors are the hardware of data stage of the paradigm for UAV swarm. Sensors acquire raw data pertaining to the environment
of operation of a desired task and relay the data to a computer. Sensors specific to UAV swarm environments may include GPS,
airspeed sensors, acoustic sensors, cameras, and many more depending upon the application. The control stage is comprised of 2
sub-phases: perception and planning. Perception is defined as the act of transforming ambiguous data to useful information.
Planning refers to the process of using the perceived information to formulate a decision to execute a task. The perception and
planning phases are key phases where algorithm development is necessary and ultimately where autonomy is realized. The work in
(Plathottam et al. 2018) surveys and proposes methods centered upon artificial intelligence, machine learning, formal logic, expert
systems, and other distributed intelligence methods to ultimately realize full autonomy in distributed CPS like UAV swarms.
NVIDIA has recently designed specific embedded hardware for autonomous vehicles to meet this need (NVIDIA 2017;
Smolyanskiy et al. 2017) and finally, the process stage is the execution of the decisions made and the completion of the task.

C. Autonomous swarm control (ASC)

Perception Phase. The importance of algorithms in autonomous vehicle environments cannot be understated. In lieu of human
operation, the control of UAV swarms is left to algorithms. Algorithms that control swarm operation inhabit the control stage of
the autonomous decision-making paradigm. Algorithms are an essential part of both perception and planning phases of the control
stage. In this perception phase, the role of algorithms is to process the data that is acquired by the sensors that inform of system
parameters. Challenges arise in processing high volume of data from many on-board sensors. The algorithms in this sub-phase
often are data mining or data processing algorithms and perform the cleaning and organizing the large amount of sensor data
(Pophale 2016). The authors in (Yong et al. 2017) proposed a kernel principal components (KPCA) algorithm to detect anomalous
sensor data from on board a UAV. Principal components analysis is a well-known method for observing correlations between data
streams and dimensionality reduction of data. In (Yong et al. 2017), the use of KPCA for UAV sensor data is novel and
appreciable. More research needs to be done in this area, but algorithms for anomaly detection, fault detection, and dimensionality
reduction need to be developed for UAV specific applications.

Planning Phase. In this phase, algorithms take the processed data and turn it into meaningful information. There are many
different types of algorithms that have been demonstrated to perform this task in cyber physical systems (CPS) like UAV swarm.
Within the planning phase, information required for UAV tasks are formulated. Due to the complexity of UAV systems and the
highly specific nature of UAV applications, there is a need of novel algorithms that could be deployed to turn clean sensor data

into actionable information on board the UAV. Some types of algorithms that have been proposed are formal logic (Nilsson 1991)
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machine learning/neural network (Domingos 2015), and graph theory (Diestel 1997; Russell 2010) and (Plathottam et al. 2018). A
simple algorithm that is already commonly deployed by UAV flight control systems and GCS for navigation is the Kalman Filter
(Jung 2007; Mao et al. 2007). Machine learning methods have been proposed for detection of safe landing zones in emergency
landing situations (Li 2013; Guo et al. 2014). All of these methods are important for further development of UAV technology.

The UAV swarm environment poses specific challenges, therefore careful selection and development of algorithms are
required for its suitability. Specifically, the autonomous control of many UAVs in a safe and efficient scheme is of utmost
importance. There are number of proposed methods for swarm control algorithms. Perhaps the most common algorithm proposed
for UAV swarm control and planning revolves around variations and adaptions of particle swarm optimization ( Hassan et al.
2012; Roberge et al. 2013; Fu 2012; Duan et al. 2013) . Though there are no existing works for these methods, we propose the use
of linear programming methods for path optimization as well as implementations of bee colony algorithms for optimized path
planning and coordination among UAVs as described generically in ( Karaboga et al. 2007; Karaboga et al. 2014) and briefly for
UAV applications in (Roberge et al. 2013). The authors in (De Souza et al. 2015) addressed the use of 3G/4G networks for M2M
swarm communication environments and simulated a bandwidth efficient coordination algorithm in this environment. To date, the
work by De Souza et al. (De Souza et al. 2015) is the only known work proposing and simulating a wireless network
infrastructure and examining the control architecture for UAV swarms. Some algorithms and methods for UAV swarm control
have been proposed and demonstrated in simulated environments. In general, there are limited literature exists, where autonomous

operation of UAV swarms are truly demonstrated, though many exist in simulated environments.

D. Current swarm communication architectures

Swarm itself, is not necessarily a new technology. There have been proposed applications and development of UAV swarm,
particularly for military applications, dating back to the early 1990’s (Kelly 1994; Andrew 2017; Condliffe 2017). Despite this,
UAV swarm is still in its infancy. As technology has developed and become more accessible, research, development, and
integration efforts for sSUAS swarm in more widespread and commercial applications have started to attract attention. Notably, a
swarm of 300 drones developed by Intel was deployed as a coordinated light show for super bowl 51 as well as the 2018 Winter
Olympics (Molina 2017). In addition to these examples, there have been other demonstrations of UAV swarm, however, in most
demonstrations the level of autonomous operation has been relatively low.

In most cases each individual UAV is simultaneously controlled by a GCS. Traditional UAV swarms use a computer as a GCS
running a ground control software. The computers are equipped with a transceiver that sends and receives telemetry data from
connected UAVs. Telemetry data traditionally includes GPS information, groundspeed, and other parameters collected from
payload sensors. Traditionally these transceivers use unlicensed Radio Frequency (RF) bands such as 900MHz to send and receive

the data. Higher levels of autonomy would allow UAVs to make decisions using on-board computers. Current demonstrations of
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UAV swarm utilize one of two general forms of swarm communication architecture. The two forms are an infrastructure-based
swarm architecture and ad-hoc network-based architecture.

1) Infrastructure based swarm architecture

The infrastructure-based architecture consists of a ground control station (GCS) that receives telemetry information from all
drones in the swarm and sends commands back to each UAV individually. In some cases, the GCS communicates back to
individual drones in real time, sending commands to the flight controllers on board each UAV. In other cases, a flight operation is
pre-programmed aboard each UAV which is simultaneously operated while the GCS is simply used to observe the systems. These
UAYV swarms are considered to be semi-autonomous as they still require direction from a central control to complete an assigned
operation (Bekmezci et al. 2013).

Infrastructure based swarm architecture is the most common architecture for UAV swarms (Bekmezci et al. 2013). Some
commonly used and readily available GCS software contain basic infrastructure-based swarm capabilities (Ardupilot 2018). One
advantage of infrastructure-based swarming is that optimization and computations can be conducted in real time by a GCS via a
higher performance computer that could reasonably be carried on a sUAS. Additionally, networking between drones is not
necessary, which results in a reduction of required payload (Bekmezci et al. 2013; Sivakumar et al. 2010).

Infrastructure-based swarm architectures are dependent upon the GCS for coordination of all drones. This dependency causes a
lack of system redundancy. In the event of an attack or failure to any operation of the GCS, the operability of the entire swarm is
compromised. Infrastructure-based methods require all UAVs to be within propagation range of the GCS. A drawback to
unlicensed RF communications is that communication may be susceptible to interference.

Due to the light payload capacities of SUAS, the hardware necessary to establish reliable communication with an infrastructure
may limit the utility of infrastructure-based swarms. Another drawback is a lack of distributed decision making. In an
infrastructure-based architecture, the GCS coordinates the decision making of all UAVs based on computations and algorithms
developed in the GCS. Fig. 3. demonstrates the infrastructure-based swarm architecture.

2) Flying ad-hoc network (FANET) architecture

In (Bekmezci et al. 2013) the use of Flying Ad-Hoc Networks (FANETS) to coordinate communication between all drones in a
network is proposed. FANETs (Flying Ad-hoc Networks) is a group of Unmanned Air Vehicle (UAVs) communicating with each
other with no need to access point, but at least one of them must be connected to a ground base or satellite. UAVs carry out their
missions without human help, like an autopilot. In recent years, many research fields from academia and industry make attention
on FANETS due to cheaper and smaller wireless communicating devices. Now, FANETS are used in various applications such as

military and civil applications, managing wildfire and disaster monitoring. As each type of network has its own specification; it is
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important to use a reliable protocol based on the specification and check its performance using simulation. Two factors affect
protocol simulation: the first one is mobility model, and the second one is the communicating traffic pattern, among others.

A wireless ad-hoc network (WANET) is a wireless network that does not rely on existing infrastructure to establish the
network. No routers or access points are needed for an ad-hoc network. Instead, nodes are dynamically assigned and reassigned
based on dynamic routing algorithms. Various configurations of ad-hoc communication networks have been proposed in machine
to machine communication systems (Walter et al. 2006; Lamont et al. 2007; Teague et al. 2008; Elston et al. 2009; Biirkle et al.
2011; Sahingoz 2014). In a FANET, all UAVs are part of a network of communications that is established between the UAVs.
This network allows for real time communications between UAVs as shown in Fig. 4.

Direct communication between UAVs forces distributed decision making because it is not a necessity for an infrastructure-
based decision engine. This also provides built in redundancy as the entire swarm is not dependent upon an infrastructure to
execute the desired operation. This is a primary advantage of FANETs. Some drawbacks to FANETSs are related to SWaP
considerations.

To establish a FANET, networking hardware is required on board each UAV. The distance over which UAVs can reliably
communicate to one another in a FANET is a limiting factor to its implementation (Bekmezci et al. 2013; Sahingoz et al. 2014).
Dynamic reconfiguration of routing for UAV swarm applications is a challenging task resulting packet loss (Zhou et al. 2012;
Bekmezci et al. 2013) . For applications where accurate telemetry of data between UAVs is critical, the establishment of a reliable
FANET is a difficult (Bekmezci et al. 2013; Sahingoz et al. 2014). This work proposes a hybrid of an infrastructure-based network
making use of cellular wireless communications infrastructure but establishing network protocol between drones without
intervention of a GCS. This proposed architecture of UAV swarms leverages strengths of both architectures while mitigating some
weaknesses.

In (De Souza et al. 2015), the authors discusses the problem of UAV swarm formation and maintenance in areas covered by
such mobile network, and propose a bandwidth-efficient multi-robot coordination algorithm for these settings. In (Lin 2005;
Arques 2013; Brust 2015) the authors discuses swarm behaviors for search and rescue tasks (e.g., forest conditions) using and
agent-oriented platforms for multi-robot environments. Specifically in (Brust 2015), authors consider the problem of establishing
an efficient swarm movement model and a network topology between a collection of UAVs, which are specifically deployed for
the scenario of high-quality forest-mapping. They propose a novel solution to the formation flight problem for UAV swarms. For
example, the forest environment with its highly heterogeneous distribution of trees and obstacles represents an extreme challenge
for a UAV swarm. It requires the swarm to constantly avoid possible collisions with trees, to change autonomously the trajectory,
which can lead to disconnection to the swarm, and to reconnect to the swarm after passing the obstacle, while continue collecting

environmental data that needs to be fused and assessed efficiently. In (Varadharajan 2017), the authors discusses micro UAS
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swarms for seamless coordination. Here, a platform for the creation of such swarms is presented. It is based on commercially
available quadrocopters enhanced with on-board processing and communication units enabling full autonomy of individual drones.
Furthermore, a generic ground control station is presented that serves as integration platform. In (Gupta 2015) authors surveys
outstanding issues in communication protocols, network layers, and energy challenges in UAV swarms leading to a new class of

networks.

III.  PROPOSED SWARM ARCHITECTURE

The proposed architecture is an adaptation of an ad-hoc network realized through infrastructure support. Specifically, the
infrastructure features complete UAV-to-UAV communication, where the telemetry of each UAV is communicated to every other
UAY via cellular mobile infrastructure as shown in Fig. 5. In this architecture, decisions are distributed among the UAVs, and the
infrastructure is purely used to transmit data.

High levels of autonomy can still be achieved despite distributed nature of the proposed infrastructure-based architecture. UAV
payloads containing computational power sufficient to coordinate decisions based on the real-time telemetry data received from
connected all UAVs shall be deployed. This allows for distributed decision making based upon formal logic, machine learning,
and other distributed control algorithms as proposed in (Plathottam et al. 2018) and discussed previously in this work. The
command and control of single UAV using cellular network infrastructure has been proposed in (ATT 2016; Qualcomm 2016) and

technologies to stream camera data for UAVs through cellular networks has been demonstrated by (Botlink 2017).

A. Machine to Machine (M2M) and 5G networks

Fourth generation (4G) cellular technology boasts maximum download speeds of 1Gbps (OpenSignal News 2014). 5G
communication systems are expected to boast maximum download speeds of 10Gbps with network latency as low as Ims. A
typical packet size for UAV communications is between 17 and 263 bytes. While 4G speeds are sufficient for these packets, 5G
will allow for additional data streaming including data types such as video from payload cameras or data from payload light
detection and ranging (LiDAR) systems. The ability to achieve low latency is important for UAV swarm communication. A central
objective to 5G communications is machine to machine (M2M) communications (Boccardi 2014; Shariatmadari 2015). M2M
communication capabilities of 5G would provide a natural backbone for UAV swarm environments (Demestichas 2013; Agiwal
2016). The ability to transmit real-time telemetry data between all UAVs connected to the cellular network enables detect and
avoid (DAA) methodologies. The hardware required to reliably access cellular networks is space and weight efficient. SIM cards
or wireless access cards are lightweight, weighing just a few grams, and can easily be added to a companion computer or even a
companion smart phone (Xcraft 2017). Analysis of communication latency using the proposed infrastructure is a topic of research.

However, packet loss and the performance of orthogonal frequency-division multiplexing (OFDM) for UAV communication have
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been analyzed and with increased speeds and infrastructure updates of 5G systems, the performance will increase (Wu et al. 2005;

Zhou et al. 2012).

B. Strengths of proposed architecture

The advantages of this architecture are many. First, the range for which the UAVs can communicate is practically unlimited.
Nearly the entirety of the United States has 3G or better cellular data coverage with speed ever increasing. The reliability and
redundancy of mobile network for UAV swarm are less of a concern than for traditional infrastructure reliant UAV swarm
architecture due to the inherent reliability of cellular base stations. While high levels of autonomy can be achieved through

traditional architectures, the redundancy provided by the proposed infrastructure is advantageous in comparison.

IV. PRELIMINARY DEVELOPMENT

A need for counter autonomous UAV technology has driven development of UAV swarm technology (Ranganathan 2017).
Preliminary development has focused upon developing a testbed of equipment to test UAV swarm architectures and
communication structures, including the proposed cellular network-based architecture. The command and control of a single UAV
using cellular network have been demonstrated in this testbed. Real time UAV-to-UAV communication including sending of basic
flight commands through an ad-hoc UAV network has also been demonstrated. The ability to fly multiple UAVs that communicate
with one another and coordinate movement among each other has been successfully demonstrated in this testbed environment.
Specifically, demonstration of a predefined flight path has been assigned to a master UAV. When this master UAV begins the
flight, networked (swarm) UAVs receive information from the master UAV as well. Based on the communicated telemetry
information, swarmed UAVs have been able to execute commands to autonomously follow the master UAV on a predefined flight
path without collision with any other UAV in the swarm. The use of cellular networks for UAV swarm control is not yet approved
by regulatory bodies, so preliminary development focuses on establishing initial ad-hoc mesh network communication using
traditional hardware that can be extended for the use of cellular network communication between UAVs via the use of virtual
machines when approval is granted. Methodologies and control of UAV swarms is tested using software virtual interfaces and

software/hardware in the loop protocols.

A. UAV-to-UAV network communication test bed

The testbed developed uses custom built quadcopters. The quadcopters feature flight controllers interfacing with on-board
companion computers and mesh networking hardware. The flight controller communicates with the on-board computer using
Micro Air Vehicle Link (MAVLink) communication protocol (Mavlink Protocol 2017). The companion computer understands
MavLink telemetry through MavProxy software (MavProxy 2017). MAVLink is the header only, message-marshalling library

used as the communication protocol between the ground station and plane. The main components of a MAVLink message are the
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header, system ID, message ID, and payload. The header is used to classify the message as a MAVLink packet. The system ID
identifies the system sending the message while the message ID identifies the type of message being sent. For example, the most
common message to send is the heartbeat (ID = 0) which is constantly sent to ensure that the plane and ground station are properly
connected and communicating. The payload of the message is the content inside it. The payload can contain fields such as the
vehicle type, flight mode, positioning data, or commands to execute. These messages are sent as data packets between the ground
station and plane to properly fly the UAV.

The flight control stack is open source and allows for custom development of control methods. The companion computer and
networking capabilities allow for the development of flight control methods based upon data that is received from other UAVs in
the network. Fig. 6. displays a functional block diagram of the communication protocol from flight controller and companion
computer of one UAV to the flight controller of another UAV. Currently simple tasks such as swarms of UAVs that follow each
other have been demonstrated. More complex tasks and the methodologies surrounding the achievement of those will be subject of
future publications. The key to this publication is the establishment of a reliable infrastructure for swarm communications. The
proposition of cellular wireless infrastructure is promising in solving many limiting factors experienced in preliminary
development of autonomous UAV swarm. With the proper regulatory framework and continued technology integration this

architecture is promising.

V. CONCLUSION

This paper provides a concept level proposal, initial development, and literature review for the use of cellular networks as the
communication infrastructure for UAV swarms. It provides an overview of the sUAS industry, the applications of UAV swarm,
and in-house development efforts for UAV swarm. The paper reviews preliminary testbed developments and provides direction for
future works regarding UAV swarm at UND. Specific development of autonomous swarms with UAV-to-UAV communication
and coordination ability is central to advancing the utility of UAV swarms. Though swarm technology has yet to be practically
utilized in commercial applications, there exists great potential. The use of cellular mobile framework alleviates limiting factors
for traditional UAVs swarm communication approaches. The use of cellular networks for UAV swarm would greatly increase
swarm efficiency and commercial utility especially in the presence of upcoming 5G networks with M2M communication

capabilities.

VI. ACKNOWLEDGEMENT

The authors acknowledge Rockwell Collins grant entitled “Geo-Fence Detection System for UAVs to Develop Counter-

Autonomy” for support of this research work.

https://mc06.manuscriptcentral.com/juvs-pubs



Page 11 of 22 Journal of Unmanned Vehicle Systems

VII. REFERENCES

Agiwal, M., Roy, A., and Saxena, N. 2016. Next Generation 5G Wireless Networks: A Comprehensive Survey. IEEE

Communications Surveys and Tutorials, 18(3): 1617-1655.

Amazon, Amazon Prime Air 2017 [online].  Available  from  https://www.amazon.com/Amazon-Prime-

Air/b?1e=UTF8&node=8037720011. [accessed 3 July 2018].

Andrew, M. A. J., Sanders, W., and Leavenworth, F. 2017. Drone Swarms - A Monograph by School of Advanced Military

Studies [online]. Available from http://www.dtic.mil/docs/citations/AD1039921. [accessed 3 July 2018].

Ardupilot, “Swarming,” Mission Planner. 2018 [online]. Available from http://ardupilot.org/planner/docs/swarming.html.

[accessed 3 July 2018].

Arques, P., Aznar, F. and Sempere, M. 2013. Swarm behaviour for UAV systems, search and rescue tasks [online]. Actas de la
XVI Conferencia CAEPIA Albacete. Available from http://simd.albacete.org/actascaepial 5/papers/00001.pdf. [accessed 3 July

2018].

ATT 2016. Qualcomm and AT&T to Trial Drones on Cellular Network to Accelerate Wide-Scale Deployment [online]. Available

from http://about.att.com/story/qualcomm_and _att to trial drones on_cellular network.html [accessed 3 July 2018].

Bekmezci, 1. , Sahingoz, O. K., and Temel, $. 2013. Flying Ad-Hoc Networks (FANETSs): A survey. Ad Hoc Networks, 11(3):

1254-1270.

Bellamy III, W. 2017. US Now Has 60,000 Part 107 Drone Pilots, Aviation Today [online]. Available from

http://www.aviationtoday.com/2017/09/07/us-now-60000-part-107-drone-pilots/ [accessed 3 July 2018].

Bendig, J., Yu, K., Aasen, H., Bolten, Andreas, Bennertz, S, Broscheit, J, Gnyp, M. L., and Bareth, G. 2015. Combining UAV-

based plant height from crop surface models, visible, and near infrared vegetation indices for biomass monitoring in barley.

International Journal of Applied Earth Observation and Geoinformation, 39: 79-87.

https://mc06.manuscriptcentral.com/juvs-pubs



Journal of Unmanned Vehicle Systems Page 12 of 22

Boccardi, F., Heath, R., Lozano, A., Marzetta, T. L. and Popovski, P. 2014. Five disruptive technology directions for 5G. IEEE

Communications Magazine, 52(2):74-80.

Botlink. 2017. Botlink XRD-Real Time Data Upload [Online]. Available from https://www.botlink.com/cellular-connectivity.

[accessed 3 July 2018].

Brust M. R., and Strimbu, B. M. 2015. A networked swarm model for UAV deployment in the assessment of forest environments.
In proceedings of IEEE Tenth International Conference on Intelligent Sensors, Sensor Networks and Information Processing

(ISSNIP), pp. 7-9.

Biirkle, A. , Segor, F. and Kollmann, M. 2011. Towards autonomous micro UAV swarms. Journal of intelligent & robotic systems

61(1): 339-353.

Canis, B. 2015. Unmanned Aircraft Systems (UAS): Commercial Outlook for a New Industry [online]. Available from

https://digital.library.unt.edu/ark:/67531/metadc770623 [accessed 3 July 2018].

Chisholm, R. A., Cui, J., Lum, S. K. Y., and Chen, B. M. 2013. UAV LiDAR for below-canopy forest surveys. Journal of

Unmanned Vehicle Systems, 01(01): 61-68.

Condliffe, J. 2017. A 100-Drone Swarm, Dropped from Jets, Plans Its Own Moves. MIT Technology Review[online]. Available

from https://www.technologyreview.com/s/603337/a-100-drone-swarm-dropped-from-jets-plans-its-own-moves.

De Souza B. J. O., and Endler, M. 2015. Coordinating movement within swarms of UAVs through mobile networks, 2015 IEEE
International Conference on Pervasive Computing and Communication Workshops, PerCom Workshops. DOI:

10.1109/PERCOMW.2015.7134011.

Demestichas, P., Georgakopoulos, A., Karvounas, D., Tsagkaris, K., Stavroulaki, V., Lu, J., Xiong, C., and Yao, J. 2013. 5G on

the Horizon: Key Challenges for the Radio-Access Network. IEEE vehicular technology magazine 8(3): pp 47-53.

Diestel, R. 1997. Graph Theory (Graduate Texts in Mathematics), Springer Verlag.

https://mc06.manuscriptcentral.com/juvs-pubs


https://digital.library.unt.edu/ark:/67531/metadc770623

Page 13 of 22 Journal of Unmanned Vehicle Systems

Domingos, P. 2015. The master algorithm: How the quest for the ultimate learning machine will remake our world. Hachette Book

Group.

Duan, H., Luo, Q., Shi, Y., and Ma, G. 2013. Hybrid particle swarm optimization and genetic algorithm for multi-UAV formation

reconfiguration. IEEE Computational intelligence magazine 8(3): 16-27.

Duncan, John S. 2016. Federal Aviation Administration, Operation and Certification of Small Unmanned Aircraft Systems. USA.

AC 107-2 [online]. Available from https://www.faa.gov/uas/media/AC_107-2_AFS-1_Signed.pdf [accessed 3 July 2018].

Elston, J. , Frew, E. W., Lawrence, D. , Gray, P., and Argrow, B. 2009. Net-Centric Communication and Control for a

Heterogeneous Unmanned Aircraft System. Journal of intelligent and Robotic Systems, 56(1-2):199-232.

Fu, Y., Ding, M., and Zhou, C. 2012. Phase angle-encoded and quantum-behaved particle swarm optimization applied to three-
dimensional route planning for UAV. IEEE transactions on systems, man and cybernetics, part A: systems and humans, 42(2):511-

526.

Guo, X., Denman, S., Fookes, C., Mejias, L. and Sridharan, S. 2014. Automatic UAV forced landing site detection using machine

learning. In Proceedings of the International Conference on Digital Image Computing: Techniques and Applications, DICTA 2014.

pp 1-7.

Gupta, L., Jain, R., and Vaszkun, G. 2016. Survey of important issues in UAV communication networks, IEEE Communications

Surveys & Tutorials, 18(2): 1123-1152.

Hassan, M. Y., Suharto, M. N., Abdullah M. P., and Hussin F. 2012. Application of Particle Swarm Optimization for Solving

Optimal Generation Plant Location Problem. International Journal of Electrical and Electronic Systems Research, 5: 47-56.

Huang, H.-M. , Messina, E., and Albus, J. 2003. Toward a generic model for autonomy levels for unmanned systems (ALFUS), In
Proceedings of the 2003 Performance Metrics for Intelligent Systems (PerMIS) Workshop, Gaithersburg, MD, August 18-18,

2003.

https://mc06.manuscriptcentral.com/juvs-pubs



Journal of Unmanned Vehicle Systems Page 14 of 22

Huang, H.-M. , Messina, E., and Albus, J. 2007. Autonomy levels for Unmanned systems ( ALFUS ) Volume II: Framework
Models version 1.0, NIST Special Publication 1011-1I-1.0, [online]. Available from

https://ws680.nist.gov/publication/get_pdf.cfm?pub 1d=823618 [accessed 3 July 2018].

Huang, H-M. 2008. Autonomy Levels for Unmanned Systems ( ALFUS ) Framework Volume I: Terminology National Institute
of  Standards and Technology = NIST Special Publication 1011-1-2.0 [online]. Available from

https://www.nist.gov/sites/default/files/documents/el/isd/ks/NISTSP_1011-1-2-0.pdf [accessed 3 July 2018].

Jansen, B. 2016. FAA Expects 600,000 Commercial Drones to Fly Next Year USA TODAY [online]. Available from

https://www.usatoday.com/story/news/2016/08/29/faa-drone-rule/89541546/ [accessed 3 July 2018].

Jeffrey, M. C., Subramanian, S., Yan, C., Emer, J., and Sanchez, D. 2015. A scalable architecture for ordered parallelism. IEEE

International Symposium on Microarchitecture (MICRO), 48th Annual IEEE/ACM, pp. 228-241.

Jones, D. 2005. Power Line Inspection-An UAV Concept. The IEE Forum on Autonomous Systems, 2005., Ref. No. 2005/11271:

pp- 8.

Jung, D., and Tsiotras, P. 2007. Inertial Attitude and Position Reference System Development for a Small UA, ATAA Infotech at

Aecrospace 2007 Conference and Exhibit, AIAA paper 07-2763.

Karaboga D., and Basturk, B. 2007. A powerful and efficient algorithm for numerical function optimization: Artificial bee colony

(ABC) algorithm. Journal of global optimization, 39(3): 459-471

Karaboga, D. , Gorkemli, B., Ozturk, C., and Karaboga, N. 2014. A comprehensive survey: Artificial bee colony (ABC) algorithm

and applications,” Artificial Intelligence Review 42(1): 21-57.

Kelly, K. 1994. Out of Control. Perseus Publishing.

https://mc06.manuscriptcentral.com/juvs-pubs



Page 15 of 22 Journal of Unmanned Vehicle Systems

Lamont, G. B., Slear, J. N., and Melendez, K. 2007. UAV swarm mission planning and routing using multi-objective evolutionary

algorithms. IEEE Symposium on Computational Intelligence in Multicriteria Decision Making,. [EEE, 2007. pp. 10-20.

Li, X. 2013. A Software Scheme for UAV’s Safe Landing Area Discovery, AASRI Procedia. 4: 230-235.

Lin, K. 2005. Swarming UAVS Behavior Hierarchy. Multi-Robot Systems. From Swarms to Intelligent Automata, Springer, 3:

269-275.

MacFarland, M. 2017. UPS drivers may tag team deliveries with drones. CNN Money, [online]. Available from

http://money.cnn.com/2017/02/21/technology/ups-drone-delivery/index.html. [accessed 3 July 2018].

Mao, G., Drake, S., and Anderson, B. D. O. 2007. Design of an extended kalman filter for UAV localization. /n Proceedings of

Conference on Information, Decision and Control 2007, pp. 224-229

MavProxy 2017, Github. [Online]. Available: http://ardupilot.github.io/MAVProxy/html/index.html. [accessed 3 July 2018].

Molina, B. 2017. Drones from Super Bowl 51 Halftime Show, USA TODAY [online]. Available from

https://www.usatoday.com/story/tech/talkingtech/2017/02/06/check-out-drones-super-bowl-51-halftime-show/97545800.

Morgenthal G., and Hallermann, N. 2014. Quality Assessment of Unmanned Aerial Vehicle (UAV) Based Visual Inspection of

Structures. Advances in Structural Engineering, 17(3): 289-302.

Neto, J. M. M., Da Paixao, R. A., Rodrigues, L. R. L., Moreira, E. M., Dos Santos, J. C. J., and Rosa, P. F. F. 2012. A surveillance

task for a UAV in a natural disaster scenario. IEEE International Symposium on Industrial Electronics, pp. 1516—1522.

Nilsson, N. J. 1991. Logic and artificial intelligence. Artificial intelligence, 47(1-3): 31-56.

NVIDIA, 2017. Driving innovation [online]. Available from https://www.nvidia.com/en-us/self-driving-cars/ [accessed 3 July

2018].

https://mc06.manuscriptcentral.com/juvs-pubs



Journal of Unmanned Vehicle Systems Page 16 of 22

OpenSignal News 2014. LTE Latency: How does it compare to other technologies. [online]. Available from

https://opensignal.com/blog/2014/03/10/1te-latency-how-does-it-compare-to-other-technologies/. [accessed 3 July 2018].

Plathottam S., and Ranganathan, P. 2018. Next Generation Distributed and Networked Autonomous Vehicles: Review. In

proceedings of International Conference on Communication Systems and Networks, COMSNETS 2018, pp. 577-582.

Previtali, M., Barazzetti, L., Brumana, R., and Roncoroni, F. 2013. Thermographic analysis from UAV platforms for energy

efficiency retrofit applications. Journal of Mobile Multimedia, 9(1-2): 66—82.

Pophale, P., and Ali, 2016 M. Real Time Data Mining Using Cyber Physical System. International Journal of Computer Science

and Information Technologies, 7 (2): 957-959.

Primicerio, J., Di Gennaro, S. F. , Fiorillo, E., Genesio, L., Lugato, E., Matese, A., and Vaccari, F. P. 2012. A flexible unmanned

aerial vehicle for precision agriculture. Precision Agriculture, 13(4): 517-523.

Protti M., and Barzan, R. 2007. UAV Autonomy — Which level is desirable ? — Which level is acceptable ? Alenia Aeronautica

Viewpoint. Alenia Aeronautica Spa Torino (Italy), 2007.

Qualcomm 2016. Leading the world to 5G: Evolving cellular technologies for safer drone operation [online]. Available from
https://www.qualcomm.com/media/documents/files/leading-the-world-to-5g-evolving-cellular-technologies-for-safer-drone-

operation.pdf [accessed 3 July 2018].

Ranganathan P. 2017. DECS Lab UND [online]. Available from http://engineering.und.edu/electrical/faculty/prakash-ranganathan/

[accessed 3 July 2018].

Roberge, V., Tarbouchi, M., and Labonte, G. 2013. Comparison of parallel genetic algorithm and particle swarm optimization for

real-time UAV path planning. IEEE Transactions on Industrial Informatics, 9(1): 132-141.

Roberts-Grey, C. 2015. The Five Levels of  Autonomous  Vehicles [online]. Available from

https://www.trucks.com/2015/09/30/five-levels-autonomous-vehicles/ [accessed 3 July 2018].

https://mc06.manuscriptcentral.com/juvs-pubs



Page 17 of 22 Journal of Unmanned Vehicle Systems

Rudol, P., Doherty, P., and Science, I. 2008. Human Body Detection and Geolocalization for UAV Search and Rescue Missions

Using Color and Thermal Imagery. IEEE Aerospace Conference 2008, pp. 1-8.

Russell, S. J., Norvig, P., and Davis, E. 2010. Artificial Intelligence : A Modern Approach. Prentice Hall.

Sahingoz, O. K. 2014. Networking models in flying Ad-hoc networks (FANETSs): Concepts and challenges. Journal of Intelligent

and Robotic Systems, 74(1-2): 513-527.

SAE International 2016. Taxonomy and Definitions for Terms Related to Driving Automation Systems for On-Road Motor

Vehicles [online]. Available from https://www.sae.org/standards/content/j3016 201609/ [accessed 3 July 2018].

Shariatmadari, H., Ratasuk, R., and Iraji, S. 2015. Machine-type communications: Current status and future perspectives toward

5G systems. IEEE Communications Magazine, 53(9):10-17.

Sivakumar A., and Tan, C. 2010. UAV swarm coordination using cooperative control for establishing a wireless communications

backbone. /n Proceedings of the 9th International Conference on Autonomous Agents and Multiagent Systems. 3, pp. 1157-1164.

Smolyanskiy, N., Kamenev, A., Smith, J., and Birchfield, S. 2017. Toward low-flying autonomous MAV trail navigation using

deep neural networks for environmental awareness. /n Proceedings of IEEE International Conference on Intelligent Robots and

Systems, pp. 4241-4247. DOI: 10.1109/IROS.2017.8206285.

Tang, L. A. , Han, J., and Jiang, G. 2014, Mining sensor data in cyber-physical systems. Tsinghua Science and Technology, 19

(3): 225-234.

Teague E., and Kewly R. H. Jr. 2008. Swarming Unmanned Aircraft Systems, USMA report [online]. Available from

http://www.dtic.mil/dtic/tr/fulltext/u2/a489366.pdf [accessed 3 July 2018].

https://mc06.manuscriptcentral.com/juvs-pubs



Journal of Unmanned Vehicle Systems Page 18 of 22

Turner, D., Lucieer, A., and Watson, C. 2010. Development of an Unmanned Aerial Vehicle (UAV) for hyper resolution vineyard
mapping based on visible, multispectral, and thermal imagery. In Proceedings of 34th International symposium on remote sensing

of environment, pp. 4.

University of North Dakota 2017, Cybersecurity Push UND TODAY [online]. Available from http://blogs.und.edu/und-

today/2017/07/cybersecurity-push/ [accessed 3 July 2018].

Mavlink Protocol 2017. Github [online]. Available:

https://github.com/mavlink/mavlink/commit/a087528b8146ddad17¢9f39¢1dd0c1353e¢5991d5 [accessed 3 July 2018].

Varadharajan, V. S., St-Onge, D., Svogor, 1., and Beltrame, G. 2017. A Software Ecosystem for Autonomous UAV Swarms,
International Symposium on Aerial Robotics [online]. Available from https:/bib.irb.hr/datoteka/888549.rosbuzz-swarm.pdf

[accessed 3 July 2018]

Vega, F. A., Ramirez, F. C., Saiz, M. P., and Rosua, F. O. 2015. Multi-temporal imaging using an unmanned aerial vehicle for

monitoring a sunflower crop. Biosystems Engineering, 132: 19-27.

Walter, B. , Sannier, A. , Reiners, D., and Oliver, J. H. 2006. UAV Swarm Control: Calculating Digital Pheromone Fields with the

GPU. The Journal of Defense Modeling and Simulation, 3(3): 167-176.

Wu, Z., Kumar, H., and Davari, A. 2005. Performance evaluation of OFDM transmission in UAV wireless communication. /n

Proceedings of the Thirty-Seventh Southeastern Symposium on System Theory (IEEE), 37(1): pp. 6-10.

Xecraft 2017. PhoneDrone [online]. Available from http://xcraft.io/phone-drone/ [accessed 3 July 2018]

Yong, D., Yuanpeng, Z., Yaqing, X. , Yu, P., and Datong, L. 2017. Unmanned Aerial Vehicle Sensor Data Anomaly Detection

using Kernel Principal Component Analysis. IEEE International Conference on Electronic Measurement and Instruments 2017, pp.

241-246.

https://mc06.manuscriptcentral.com/juvs-pubs



Page 19 of 22 Journal of Unmanned Vehicle Systems

Zhou, Y., Li, J., Lamont, L., and Rabbath, C. A. 2012. Modeling of packet dropout for UAV wireless communications 2012.

International Conference on Computing, Networking and Communications (ICNC), 2012, pp. 677-682.

Figure Captions

Fig. 1. Block diagram of traditional hardware setup and control of single sUAS
Fig. 2. Decision chain of an autonomous system

Fig. 3. Block diagram of infrastructure (GCS) based swarm architecture

Fig. 4. Communication architecture of UAV swarm based on FANET

Fig. 5. Proposed cellular network UAV swarm architecture

Fig. 6. UAV-to-UAV communication hardware diagram
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